Flavones are plant secondary metabolites that have wide pharmaceutical and nutraceutical applications. We previously constructed a recombinant flavanone pathway by expressing in Saccharomyces cerevisiae a four-step recombinant pathway that consists of cinnamate-4 hydroxylase, 4-coumaroyl:coenzyme A ligase, chalcone synthase, and chalcone isomerase. In the present work, the biosynthesis of flavones by two distinct flavone synthases was evaluated by introducing a soluble flavone synthase I (FSI) and a membrane-bound flavone synthase II (FSII) into the flavanone-producing recombinant yeast strain. The resulting recombinant strains were able to convert various phenylpropanoid acid precursors into the flavone molecules chrysin, apigenin, and luteolin, and the intermediate flavanones pinocembrin, naringenin, and eriodictyol accumulated in the medium. Improvement of flavone biosynthesis was achieved by overexpressing the yeast P450 reductase CPR1 in the FSII-expressing recombinant strain and by using acetate rather than glucose or raffinose as the carbon source. Overall, the FSI-expressing recombinant strain produced 50% more apigenin and six times less naringenin than the FSII-expressing recombinant strain when p-coumaric acid was used as a precursor phenylpropanoid acid. Further experiments indicated that unlike luteolin, the 5,7,4-trihydroxyflavone apigenin inhibits flavanone biosynthesis in vivo in a nonlinear, dose-dependent manner.
vones from (2S)-flavanones (1, 20) . However, in certain species of Apiceae, this reaction is performed by soluble flavone synthase I (FSI) ( Fig. 1) (19, 22) .
In previous work, we demonstrated engineering of a recombinant, flavanone-producing Saccharomyces cerevisiae strain by simultaneous expression of four flavanone biosynthetic enzymes, C4H, 4CL, CHS, and CHI (39) . Upon addition of various phenylpropanoid acids, the recombinant strain produced significant amounts of flavanones, such as pinocembrin, naringenin, and eriodictyol, which are the precursors of the vast majority of flavonoids. Because of the up-to-60-fold increase in the amount of flavanones produced by the recombinant yeast strain compared to the amount produced by an Escherichia coli recombinant described previously (39), we believe that yeast could be a better production platform for the general biosynthesis of plant-specific flavonoids. Additionally, S. cerevisiae, unlike E. coli, can functionally express P450 hydroxylases involved in flavonoid biosynthesis (26) .
In an extension of our previous work, we describe here for the first time the development and optimization of flavoneproducing recombinant yeast strains. The model microorganisms allowed evaluation of the two alternative ways that plants have evolved for flavone synthesis, namely, through the P450 monooxygenase FSII, which requires NADPH and is inhibited by Fe 2ϩ , and the soluble dioxygenase FSI, which requires 2-oxoglutarate, Fe 2ϩ , and ascorbate as cofactors (21) . The overall flavonoid metabolism is different in the two strains, and the FSI-expressing recombinant strain exhibits better overall production. Overexpression of the yeast P450 reductase CPR1 and use of acetate as a carbon source led to improvement in flavone biosynthesis. Further in vivo experiments demonstrated that apigenin, but not luteolin, is a feedback inhibitor of the flavone biosynthetic circuit.
MATERIALS AND METHODS
Chemicals and media. Cinnamic acid, p-coumaric acid, and caffeic acid were purchased from MP Biomedicals Inc. (Irvine, CA). Naringenin was purchased from Sigma-Aldrich (St. Louis, MO). Ferulic acid, eriodictyol, apigenin, and luteolin were purchased from Indofine (Hillsborough, NJ). Flavonoids were extracted from plants by using standard procedures (10) .
Luria broth rich medium was purchased from Sigma-Aldrich. S. cerevisiae YPD rich medium and SC minimal selection medium with glucose or raffinose and galactose were prepared as previously described (9, 39) . Minimal medium with acetate (MA) was prepared as described by Verduyn et al. without the antifoaming agent (34) .
Strains, plasmids, and plant materials. All strains and plasmids used are shown in Table 1 . Plants were purchased from local nurseries and were exposed to the sun for a few hours before materials were collected. For mRNA extraction, leaflets of flat-leaved Petroselinum crispum (parsley) and flower petals of Antirrhinum majus cv. Montego Yellow (snapdragon) and Catharanthus roseus (Madagascar periwinkle) were used. Plant materials were quickly frozen with liquid nitrogen and stored at Ϫ80°C until they were used.
DNA manipulations. All DNA manipulations were performed by using standard procedures (29) . Restriction enzymes and T4 DNA ligase were purchased from New England Biolabs and Promega. Reverse transcription-PCRs were performed using a Superscript One-step w/platinum Taq kit (Invitrogen, Carlsbad, CA). PCRs were performed using Roche's Expand High Fidelity PCR system. Flavone synthase I PcFSI cDNA from parsley, flavone synthase II AFNS2 cDNA from snapdragon, C. roseus P450 reductase cpr cDNA, and S. cerevisiae P450 reductase CPR1 cDNA were isolated in our lab based on DNA sequences available in the GenBank database (accession numbers AY230247, AB028151, X69791, and D13788, respectively). A QIAGEN RNeasy MiniKit was used for isolation of total RNA from plants or yeast. All amplified genes were initially cloned in the S. cerevisiae vector pYES2.1/V5-His-TOPO using T/A cloning according to the manufacturer's instructions (Invitrogen), which yielded plasmids pYES-FSI, pYES-AFNS2, pYES-CPR, and pYES-CPR1. Transformation of yeast was carried out using the lithium acetate method (7, 8) . In all cases, the absence of undesired mutations introduced during PCR was verified by direct nucleotide sequencing.
Construction of plasmids. The flavone biosynthetic genes were introduced into yeast using two coreplicable shuttle vectors, YEplac181 and YCplac22, which carry the LEU2 and TRP1 markers, respectively, to allow selection of transformants by growth in minimal medium lacking leucine and tryptophan.
Plasmid Ycc4c181, derived from plasmid YEplac181 and carrying cDNA for C4H from Arabidopsis thaliana, Pc4cL-2 from parsley, and CHI-A and chs from Petunia ϫ hybrida, has been described previously (39) .
Plasmid YC-FSI was constructed by amplifying the PcFSI cDNA together with the GAL1 promoter from plasmid pYES-FSI using a forward primer hybridizing to a vector DNA region that lies upstream of the GAL1 promoter and a reverse primer that hybridizes at the end of the cloned cDNA. The GAL1-PcFSI fusion was then inserted into vector YCplac22 between HindIII and KpnI sites, yielding plasmid YC-FSI. Plasmid YC-AFNS2 was constructed by a similar approach by inserting GAL1-AFNS2 into vector YCplac22 between BamHI and KpnI restriction sites. Insertion of GAL1-CPR1 between PstI and SalI restriction sites of vector YCplac22 and insertion of GAL1-AFNS2 between SacI and XbaI restriction sites yielded plasmid YC-AFNS2ϩCPR1.
In vitro AFNS2 assay. Yeast recombinant strains harboring pYES-AFNS2, pYES-CPR1, and pYES-CPR were cultivated in liquid SC minimal medium lacking uracil (SC-Ura Ϫ ) with glucose as the carbon source overnight at 30°C. For protein expression, the overnight culture was used to inoculate 250 ml SC-Ura Ϫ minimal medium with raffinose to obtain an initial absorbance at 600 nm (A 600 ) of 0.2. When the culture reached an A 600 of 0.8, sterile galactose was added into the culture to a final concentration of 2% to induce protein expression. After 24 h of incubation at 30°C, recombinant yeast cells were harvested and used for microsomal protein preparation as described by Schoehnbohm et al. (30) . A BCA protein assay kit (Pierce Chemicals, Rockford, IL) was used for protein quantification. In vitro apigenin synthesis was performed in 100-l reaction mixtures containing 0.1 mol of naringenin substrate, NADPH at a final concentration of 1.5 mM, 20 g of a microsomal preparation of AFNS2, and 50 g of a microsomal preparation of the P450 reductase (either C. roseus CPR or yeast CPR1). Heterologous expression and fermentation. In order to engineer flavone biosynthesis through two different flavone synthases, recombinant INVSc1 carrying plasmid Ycc4c181G was transformed with YC-FSI, YC-AFNS2, or YC-AFNS2ϩCPR1 separately, yielding recombinant strains INV-4GϩFSI, INV-4GϩAFNS2, and INV-4GϩAFNS2ϩCPR1. Yeast colonies harboring both plasmids were selected by growth on SC agar plates lacking leucine and tryptophan (SC-Leu Ϫ Trp Ϫ ). For flavone fermentation purposes, an individual recombinant yeast colony was grown overnight in 10 ml liquid SC-Leu Ϫ Trp Ϫ medium containing glucose at 30°C with shaking. The following day, a portion of this culture was used to seed the main culture in SC-Leu Ϫ Trp Ϫ medium containing galactose and raffinose or MA-Leu Ϫ Trp Ϫ containing galactose and acetate to obtain an A 600 of 0.4. Then, 0.5 mM phenylpropanoid acid (cinnamic acid, p-coumaric acid, caffeic acid, or ferulic acid) was added to the main culture, and the mixture was incubated at 30°C with horizontal shaking for a maximum of 92 h. For fermentation of INV-4GϩFSI, FeSO 4 , 2-oxoglutaric acid, and sodium ascorbate were added to a final concentration of 0.5 mM. Plasmid stability was checked by isolation from the recombinant strains using Zymoprep I (Zymo Research, Orange, CA) every 24 h, and the plasmids were subsequently used for restriction mapping and PCR analysis.
Analytical methods. Flavonoids and phenylpropanoid acids were analyzed by HPLC, using an Agilent 1100 series instrument and a reverse-phase ZORBAX SB-C 18 column (4.6 by 150 mm) that was maintained at 25°C. The compounds were separated by elution with an acetonitrile-water gradient at a flow rate of 1.0 ml/min. The HPLC conditions were as follows (profile 1): 20 to 27% acetonitrile (vol/vol) for 45 min and 27 to 95% acetonitrile (vol/vol) for 30 s. The retention times under these conditions for the standard authentic compounds were as follows: caffeic acid, 2.7 min; p-coumaric acid, 4.7 min; eriodictyol, 18.4 min; luteolin, 20.8 min; naringenin, 30.9 min; and apigenin, 33.2 min. Cinnamic acid, pinocembrin, and chrysin were separated by elution with an acetonitrile-water gradient at a flow rate of 1.0 ml/min under the following conditions (profile 2): 10 to 40% acetonitrile (vol/vol) for 10 min, 40 to 60% acetonitrile (vol/vol) for 5 min, and 60 to 10% acetonitrile (vol/vol) for 2 min. The retention times for cinnamic acid, chrysin, and pinocembrin were 12.1 min, 16.0 min, and 16.3 min, respectively. Flavanones were detected and quantified by monitoring the absorbance at 290 nm. Flavones were detected and quantified by monitoring the absorbance at 340 nm. Calibration curves were obtained with solutions containing authentic flavanones and flavones at various concentrations.
RESULTS
Optimization of AFNS2 activity. AFNS2 is a class II P450 monooxygenase. Using molecular oxygen and two electrons, the P450 oxidizes its substrate and forms a water molecule. Catalysis requires a single redox partner, the P450-reductase that extracts two electrons from NADPH and channels them to the P450 iron center. On the other hand, FSI is an oxoglutarate-dependent dioxygenase, and its activity does not require electron transfer. Therefore, the enzyme reaction does not depend on the action of a P450-reductase. Even though it appears that the endogenous yeast cytochrome P450 reductase is capable of supporting plant P450 monooxygenase functions (39) , it has been shown in the past that the activity of yeast recombinant P450 proteins improves in the presence of an abundant amount of the redox partner (26) . For this reason, the electron transfer process is currently considered the ratelimiting step in the P450 monooxygenase reaction (4, 5) .
In order to investigate and select the most effective P450 reductase for improving AFN2 activity in yeast, we tested C. roseus P450 reductase CPR and S. cerevisiae P450 reductase CPR1 for optimizing the AFNS2 reaction in vitro. We chose C. roseus CPR because in the past it has been used successfully for optimizing the activity of flavonoid P450 monooxygenases, such as cinnamate 4-hydroxylase and flavonoid 3Ј,5Ј-hydroxylase (11, 16) . For this purpose, microsomal proteins of recombinant yeasts individually expressing AFNS2, CPR1, and CPR were prepared. The activity of AFNS2 was investigated by quantifying the conversion of naringenin to apigenin in the presence of NADPH and either CPR1 or CPR. After 2 h, approximately 40% and 90% increases in the amount of apigenin produced were observed in the presence of CPR and CPR1, respectively ( Table 2 ). Based on these results, we concluded that overexpression of yeast CPR1 enhances the performance of AFNS2 more efficiently, and CPR1 was chosen for further investigation.
Construction of flavone biosynthetic pathway in yeast. Structural genes having heterologous plant origins were used to construct the recombinant flavonoid pathway in S. cerevisiae. The flavanone biosynthesis network was assembled as previously described (39) . In this case, the yeast vector YEplac181 was used to carry the four-gene flavanone biosynthetic cluster, yielding plasmid Ycc4c181. This plasmid, with a 2 m origin of replication and the LEU2 selection marker, can coreplicate with the vector YCplac22, which carries the CEN4 origin and the TRP1 selection marker and was utilized to clone the GAL1-PcFSI and GAL1-AFNS2 expression cassettes to create plasmids YC-FSI and YC-AFNS2, respectively. Another YCplac22-based plasmid, which harbors CPR1 in addition to AFNS2 cDNA (plasmid YC-AFNS2ϩCPR1), was also constructed.
S. cerevisiae strain INVSc1 carrying Ycc4c181 was transformed with YC-FSI, YC-AFNS2, and YC-AFNS2ϩCPR1, generating recombinant strains INV-4GϩFSI, INV-4Gϩ AFNS2, and INV-4GϩAFNS2ϩCPR1, respectively. We investigated the abilities of these three recombinant strains to produce flavones when phenylpropanoid acid precursors were added to the SC-Leu Ϫ Trp Ϫ culture medium. Expression of the recombinant proteins was induced with galactose, and glucose was replaced with raffinose as the carbon source because raffinose, unlike glucose, does not repress the GAL1 promoter (9) . After 46 h, the fermentation products were extracted from the culture media and analyzed using HPLC. The identities of the flavonoid products were determined by cochromatography by matching the UV absorbance spectra (Fig. 2D ) and retention times with those authentic standard compounds ( Fig. 2A  and E) . In general, flavonoid accumulation occurred mostly in culture media, and intracellular flavonoid accumulation accounted for less than 10% of the overall flavonoid production. All recombinant strains produced the flavone apigenin (Fig.  2B ) when nonhydroxylated cinnamic acid was utilized as the precursor phenylpropanoid acid. Additionally, all recombinant strains were able to metabolize caffeic acid to the correspond- (Fig. 2C) . Chrysin, however, was detected only in INV-4GϩFSI cultures (Fig. 2F ). This result confirmed our later finding that snapdragon does not accumulate chrysin. However, it does not exclude the possibility that other FSII enzymes can accept pinocembrin (the flavanone precursor of chrysin) as a substrate. The flavanones pinocembrin (nonhydroxylated) and naringenin (monohydroxylated) were produced by all strains. Incorporation of CPR1 into the flavone biosynthetic pathway with AFNS2 (strain INV-4GϩAFNS2ϩCPR1) resulted in increases in apigenin and luteolin production of 62% and 11%, respectively, compared to the production observed with INV-4G-AFNS2 (Table 3) . Addition of ferulic acid did not result in flavanone or flavone production (results not shown).
Effect of carbon source on flavonoid production. In an effort to further optimize flavonoid biosynthesis, we investigated the role of the carbon source (more specifically, acetate) in flavone production. The recombinant yeast strains were grown in MALeu
Ϫ

Trp
Ϫ minimal medium with acetate as the sole carbon source. The fermentation resulted in a general increase in flavonoid production. More specifically, in the case of INV-4GϩFSI, the specific production of flavones and flavanones increased 3-fold and 1.5-fold, respectively, when acetate was used as the carbon source instead of raffinose. In the case of INV-4GϩAFNS2ϩCPR1, fermentation in MA medium increased flavone and flavanone specific production 1.2-fold and 1.4-fold, respectively, compared to that in SC minimal medium with raffinose. A summary of the specific productivities obtained with acetate and raffinose as the carbon sources is shown in Table 3 . Overall, these results demonstrated that acetate is a better carbon source for flavone biosynthesis and that flavone production by recombinant yeast can be a competitive alternative to the method currently used, plant extraction. To further prove the last point, we extracted apigenin and luteolin from parsley leaves (in which flavones are produced via the FSI route) and snapdragon petals (in which flavones are produced via the AFNS2 route). Approximately 3 mg of apigenin and 0.01 mg of luteolin per mg of leaves were extracted from parsley, and 0.2 g of apigenin and 0.05 g of luteolin per mg of petals were extracted from snapdragon. In both cases, no chrysin was identified.
Regulation of flavanone biosynthesis by flavones. We tested the possibility that flavanone biosynthesis is feedback inhibited by apigenin because a 50% increase in production of apigenin in the FSI expression strain (compared with the AFNS2 analog) reduced naringenin accumulation by 480%. More specifically, as shown in Fig. 3A and B, in the stationary phase the levels of apigenin and naringenin production were 3 mg/liter and 2.4 mg/liter, respectively, for INV-4GϩFSI and 2 mg/liter and 14 mg/liter, respectively, for INV-4GϩAFNS2. Adding caffeic acid to both recombinant strains resulted in similar production of luteolin and accumulation of eriodictyol ( Fig. 3C  and D) .
For this purpose, recombinant yeast strain INV-4G was created, which carried plasmid YP-4G (expressing the four flavanone biosynthetic enzymes) and empty plasmid YCplac22.
INV-4G was then tested for its ability to produce naringenin from p-coumaric acid in the presence of different apigenin concentrations. As shown in Fig. 4A , in the presence of 1 mg/liter apigenin, the production of naringenin in the stationary phase was reduced by 14%. A more prominent effect was observed in the presence of 3 mg/liter and 10 mg/liter apigenin, which resulted in approximately 60% and 85% decreases in production. It is important to note that in all cases, the decrease in naringenin production was not due to growth reduction because all cultures displayed similar growth profiles. Overall, these data indicated that apigenin acts as a feedback inhibitor of flavanone biosynthesis in a dose-dependent manner.
Similarly, we also tested the efficiency of eriodictyol production by INV-4G with caffeic acid as the precursor phenylpropanoid acid and in the presence of various luteolin concentrations. Unlike apigenin, luteolin did not regulate (feedback inhibit) flavanone biosynthesis (Fig. 4B) .
DISCUSSION
We describe the construction and comparison of the biosynthetic circuits for three plant-specific flavone molecules, chrysin, apigenin, and luteolin, in S. cerevisiae. An attractive property of yeast is its ability to functionally express plant cytochrome P450 monooxygenases, many of which are involved in flavonoid hydroxylation reactions. Functional expression of eukaryotic membrane-bound enzymes in prokaryotes is not trivial, and it usually requires colocalization of the redox partner and the P450 (2, 3, 13, 25) or extensive protein engineering, such as fusions between the two proteins (11, 32) . In the present work, we first tested the efficiency of two P450 reductases, the native S. cerevisiae CPR1 and the C. roseus-derived CPR, for enhancement of snapdragon AFNS2 activity. Despite the limited sequence similarity between yeast CPR1 and its plant equivalents, our in vitro assays demonstrated that AFNS2 converted the substrate naringenin into apigenin more efficiently in the presence of CPR1 than in the presence of CPR. It is therefore possible that expression of the yeast reductase is superior in its native system than expression of the plant-derived protein. Moreover, in support of the in vitro data, episomal overexpression of CPR1 led to increases as great as 60% in the total amounts of flavones produced by the yeast recombinant strain (Table 3) . However, these increases in flavone production resulting from CPR1 overexpression were most likely due to increases in the enzyme activities of both P450 monooxygenases present in the recombinant pathway, namely, C4H and AFNS2. The use of acetate as a sole carbon source led to overall increases in flavone-specific production that were as great as 515% in the case of chrysin produced by strain INV-4GϩFSI (Table 3) . We tested acetate because recently Daran-Lapujade et al. demonstrated that growth of yeast on acetate led to a 24-fold increase in the carbon flux through acetyl-CoA synthase, the enzyme that converts acetate to acetyl-CoA (6, 33) . This was the greatest increase in acetyl-CoA synthase flux observed in that study for all of the different carbon sources tested. Since we have hypothesized that malonyl-CoA, a flavonoid precursor, is a limiting metabolite in overall flavonoid biosynthesis, we believe that the observed increase in flavone specific production was a direct consequence of an increase in the amount of the intracellular malonyl-CoA pool directly derived from acetyl-CoA.
The recombinant yeast strains also provided insight into the regulation of flavone biosynthesis. The INV-4GϩFSI strain generated approximately 50% more apigenin and six times less naringenin than INV-4GϩAFNS2ϩCPR1. To explain this phenomenon, we demonstrated that apigenin inhibited naringenin biosynthesis in a dose-dependent manner. Moreover, we demonstrated that there was a nonlinear relationship between the apigenin concentration and the total amount of naringenin produced by the recombinant flavanone biosynthetic pathway. On the other hand, eriodictyol synthesis did not decrease when luteolin was present. It is possible that apigenin, a stable analog of 2Ј,4,4Ј,6Ј-tetrahydroxychalcone, could act as a competitive inhibitor of 4-coumaroyl-CoA binding in the condensation reaction catalyzed by CHS.
Overall, the relatively low plant flavone contents (3 mg and 2 g total flavones per mg of parsley and snapdragon tissue, respectively) could be a barrier for commercial large-scale production. In that respect, the results presented in this study demonstrate that recombinant yeast can be a competitive alternative to plant extraction for flavone production, without excluding the possibility of further optimization through further increases in the malonyl-CoA pool. One of our immediate goals is to test the effect of acetyl-CoA carboxylase (the enzyme that converts acetyl-CoA to malonyl-CoA) overexpres- on October 14, 2017 by guest http://aem.asm.org/ sion on flavone biosynthesis. Considering the nonlinear response of this enzyme activity to gene copy number and its complicated transcriptional regulation in E. coli (14, 18) , such work may prove to be more challenging than initially expected.
